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CONSIDERATION OF
AUXTILIARY JET..FROPULSION FOR ASSISTING TAKE-OFF

By L. Richard Turner
SUMMARY

The problem of assisting the teke-off of an sairplane by means
of auxiliary Jet propulsion has been analrred and a simple method
ceveloped for determining the Jet thrust and the welght of Jet fuel
required to provide a deslred reduction in take-off dlstance or a
desired increase in pay load or fuel load for a fixed take-off dis-
tance., The welght of a Jot motor end the auxlliery equipment can-
not, at present, be accurately predicted. Approxlimate estimates
indicate, however, that the total welght willl ve sufficiently small,
as compared wlith the welght of an intermal-combustion engine and
propeller required for the same improvement in take-off, that aserious

consideration should be given to thils method of assisiing the take-
off,

INTRODUCTION

The problem of apsisting the teko-~off of an alrplane 1s old,
As early as 1842, Honson attompted to usz a catapult to launch a
glider. his type of device has been highly develcped for the

launching of military airplanes, mail planes, and gliders (refer-
encos 1 and 2).

The accelerator, or towlng-type, teke-off aid was used by the
Wricht brothers in thelr early flights. It has been used extensively
to launch gliders and has been doveloped for alrplanes by the Royal
Air Force at Farnborough by the use of a compregsed~alr-driven
motor and a towing cable. (See references 1 and 2.) Land-basod
accelerators running on rails or rmwayse have becn suggested
(references 2 and 3) but apparently havo not been bdullt, In
another proposed system, the force required for an accoleratod
tako-off is supplied by a flywheol, which is set 1n motlon by
a small engine and whick pulls a cable over a conical drum of
increasing radius, (See reforence 5,) Proll (reforonce 4) has
suggestod towing one airplans with another, but this system has
not been used oxcept for towlng targot glidors.



Fueling in the air has been successfully developed anil used
for refueling during endrrance tegts and as a take-off ald, It
is of especlal value for long-renge flightse because 1t enables
an airplane to take off with a lower wing loading and a lower
power loading than those that apply in flight. Rough weather,
lowever, Interferes with its operation. (See references 1 end 2.)

The British firm of Short Bros. has bullt and successfully
operaved tke Saort-Mayo composite alrcraft. The main adventage
of thia scheme is tlat it enables the airplane to take off with
hich wing and power loading and to climb gquickly to tke crulsing

titude. (Sec references 1 and 2.)

P1r¢ll hag suggested (vreference 3) that the energy of the
engine he accimulated during the warm-up period as rotationel
enorgy in e heavy flywvheel and that it bs released to the propel-
leir throush a varlable geer during the teks-off. The weight of
the device would be objectionable,

The use of a Jet of water, projected to the rear by a gas
P, has also been su;sezted by Proll as a take-off aid (refer-
ence 3), The weigh®t of water required would bo excessive because
of the low Jot velocity proposed.

Ley (reference 5) reports that auxriliary Jet propulsion has
been experimentally used by the Junkers plant at Dessau as a
take-off ald for a seaplane of the Bramen tiype, weighing slightly
more than two tons. The rockets used were "tno largest type of
powder rockets known." The results woro officially described as
"gpatlgfactory and oncowraging" althcugh no date were published.

Rockets have boen usod on sevoral occasions to lavnch and
fly molol alrplanes and at least tvo parsly successful rocket-
povered flights lLiave been made wita piloted gliders. The glidors
worc launched with catapulis. (Sue reforence 8.)

Jot propulsion haa veon invoatlgatod by several groups in
Ivrope and Amorica. Thkoe oxpirimonts havo besn partly succoessful
but many piactical provloms romain to be solved.

THore aro two main typos of Jot motors. The filrst typo uses
atmosphoric air, Anal sea by Buckinghom (roferonce 7) and
Ovetrich (roforonce 8) glvo fuel cons'mptions that are novor
lose than twlce tha*t of an internal-caubustior engine and propoller
producing tho same thrust at elrplane spoeds as higk as 350 milos



per hour, In addition, the weight of the required compressors
wo:ld be at least as great as that of the internal~ocombustion
engine even at this high speed.

The gecond type of Jet motor uses an explosive fuel or a
concentrated oxidant, which is carried by the ailrplane. For this
type, it 1s convenlent to cons’der the consumption of both fuel
and oxidant as fuel consumption. As corpared with that of an
internal-combustion engine and propeller, the fuel comsvmption
is very high but the weight of the motor would be very much lower
per pound cf thrust.

- -~

Attertpts have been made to avgment the thrust of Jet motors
by entraining a-mospheric air in order to increepe the rearward
dischargs of momenivm, (See references © and 10,) The values
of thrvgt Incroase achieved are insufficlent to make Jet propui-
sion practizable for sustained flight dbut might be of value for
some special use of Jet propulsion in which econamy is not the
principal conalderation,

This report presents a study of the possitilities of Jet
propnleion as a take-off eid for redclng toke-off dlstance
with a given pay load or for increasing pay load witi a given
take-off distancs,

ANATYSIS

The tako-off distance will be consldered as a ground rvn
and a flight dietance to clear an obstacle of height h. In
this apalysis, i1t will bo assumed that, in still air, the mmalded
ground rn end the flight distance to clear an obstacle are known
for the normal loading and tkat the teke-off velocity, Vi, and
the mean veloclty in flight, Vz, from the take-off to the point
where the required altitude 1s reached are also known., Tho mean
affectivo excess thrust, defined In each case by the knowm dle-
tances and velocltiosa, wlll be assumed to be constent. It can
be shown that the error due to the assumption of constant exceas
thrust in thos reduced ground rmms with constant added thrust 1s
cmall end conservativa, in that the predicted rcductions in the
ground run are smaller than thoso basod on the actual variable
value of oxcess thrust. For the flight portion of the teke-off,
the transition phase wlll be neglected bocause this negloct was,
shown by “letmore (referonco 1l) to introduce only a small orror
in the calculated distanco. Tho inolination of the flight path
nll also be neglected.




Reduction of the ground run by means of auxiliary Jet
prepulsion, -~ With a constant effective excess thrust, the
ground run 1is given by

v.?w
8 =

o = 5 (1)

vhere 8, 1s the wnalded grovnd run, feet.

Y groes weight, pounds.

V, take-off veloclity, feet per second.

v

T, mean effective excess thrust, pounds.

¥ith a constant added Jet thrust, T 3 the new reduced ground
*un, B8,', 1s given by

8o = (V2 W)/ [2g (Ty + T5) ] (2)

fram which de/s, = Ty (T, +1T,) )
> (3)

or T1/To = 88,/ (B, - AB,) :

vhere As, 1s the reduction of the ground rm.

If v 1s the relatlve velocliy 1n feet per second of the Jet
of an auxiliary Jet-propulsion device, the tkrust is

T':I-d.—w=r§£ 4
v T g at at (4)

vhero v 18 the welght of fluid discharged, pounds.
t +time, seconds.

r reacticn in pounds per pound of fuel per second.



Since both fuel and oxidant are carried by the alrplane, it is
convenient to conslder the total weight of fluld as the weight
of fuel. ... . .. '

-

The time for the reduced ground run is given by

Ksp' EViW
.0 e 0 BT 5)
° Vi 2g(To + Ty) (

vhere the value of the coefficlent K for the case of constant
excess thrust is 2., 8ince the exoess thrust is not constant,
the value of K 1is samewhat differenmt from 2, Hartman (refer-
ence 12) gives an empirical value of 1.95, which will be used in
the computations in this paper.

The rate of discharge of the Jet was assumed to be constant,
end the weight of fuel is therefore given fram equations (3), (4),
and (5) by

vy = b1 &¥ , ETLW A8 (6)
at ~ 2er s,
and
dv T, As, VoW Asg
= = — (7)

dt r By - A8, = Z2grs, 8g = 4B,

The weight of fuel, W,, Trequired to reduce the ground run
(equation (6)) is plotted using the experimentel reactions for
four different fuols (table I, fuels 1 to 4) in percentages of

the gross welght of the airplare in figure 1(a) for a take-off
velocity of 70 miles per hour and in figure 1(b) for a take-off
veloclity of 80 miles per hour. The total weight of fuel and the
rate of fuel consumption are also sghown for the 4,20C-pound air-
plane. The umalded ground run of the assuined elrplane was taken
to be 500 feet in the calculation of the rate of fuel consumption,

In the case of take-off against a wind, it is merely necessary
to substitute V. - V. for V, and s, for s, in equations (s)

and (7) to determine the performance,
wlere ‘Vw is the wind velocity, foet per sscond,

8, umalded teke-off dlstance asgalnst a wind,




The value of s, may be convenlently found from figure 11 of
reference 13,

There will now be anelyzed the condition in which the Jet 1is
turned on when the airplane attalns a velocity mV_h vhere m 18
an arbitrary parameter between 0 and 1, ITf a congtant excess
thrust of T, up to this point and a tiarust of T, + Ty from

tkhere on are assumed,

e

EaT, " o ©

vhere B8 18 the distance traveled by the time the velocity mvt
is attefned; from this point on, the distance is given by

VoW

sy (- o) (9)

EO' - Bm' =2

where &,' 1is the reduced run to the point where V would equal
th had the Jet been *n operaticn from the start of ths take-off.
The total dlstance, s', 1is then

( ) WS/ 1-o
8! = + (84" = 1) = — (——+-———
“m o " fm 28 \Tp To +TIg

end the fractional reduction in the ground run, Asy/s, 1s given
by

8!
_=1-.B—=(l-ma)T

8o o (10)

T
ot Tr

The time during which the fuoel was burned is

Zg\’To + 'I'Ji

T
As In tho case of equation (G), LA .g.%" =ty .;J.',

e T T;

Vo



o, from equations (10) and (12),
- o ..Kvtw A8

- o
Yo 2gr 8,(1 + m) (13)
Solving equation (10) for m glves
: 1/8
m To*1s EQ (14)
) ) TJ' 8
7/ )

The substitution of this solution for m 1n eguation (12) or (13)
glves w, in terms of Ty/T, ard dsy/s,.

Figure 2(a) shows the welght of gasoline and oxygen required
to obtain a desired reduoction in the ground run for varlous valves
of m and T4 /T  at an assumed take-off velocity of 70 miles per
hour. In figure z(b) , the welght of furel 1s plotted for a take-off
velocity of 80 mlles per hour,

Reduction of the length of the air-borne portion of the take-
off by means of avxiliary Jjet propulsion. - The reduction in the
Flight distance to clear an obstacle of . height h dnrlng the take-
off will now be considered. t will be assumed thet the airplane
velocity during thils phase 1s practically constant and that 1t has
an average value of V., The transitlon phase wlll be neglected
becavse 1ts noglect has been shown by ljetmore (reference 1l) to
have only & smell effect on the calculated disiarce for normal
take-offs. The normal velocity of climb, Vs, 18 given by

Vo =T,V /W

vhere T, 18 the normal excess thrust. With an added thrust T

Vo + AVg = (T + Tg) G /W 1'

> (15)
whenoe AV = Ty Vo /W J

The length of the unalded flight path, s, to clear an
obstacle of height h 1s

h hw

B8y = v = E,-a- (18)




and with an added thrust, Ty, the reduced distance, s&.', 1is
glven by

83" = LV,/(V, + AV,) (17)
from wvhich
Ea' VO 1
83 Vo + AV, L T8, (18)
T

T
Since %’;’ = —rg (equation (4)), from egqvation (18)

dw 83 ~ Bz' W h¥W Asg
at 8z  8ar Bgr 8 (19)

The time, t.', for tie alded climb 1s given by

ta! = 83'/V,
Trom equation (19), the weighkt of fuel for the nided climb 1s

w3='b'—=-——— (20)

Figure 3 shows /W plotted agalnst Asg/sz; Ffor four experimental
Jjet fuels for mean take-off wveloclties of 70 and 30 miles per hour
for a height h of 50 feet. The welght of fuel is also showm for
two alrplanes having gross weights of 4,200 and 42,00C pounds.

Reduction in total: take-off distance by means of auxiliary
Jet propulsion. - Thie calculation of the reduction in total take-
off distance will be mzde for the condition in which 1t is con-
sidered that the Jet-prcpulslion device is twrned on to provide
an additional thrust, Tj;, vhen the alrplane attains a ground
veloclity of mvt and continues to provide the same additiomal
thrust throughout the rest of the take-off.




From equations (1), (10), and (18),

v - - var - T R .
= -3y
Asg = (1 - m?) T+ T3 %0

p 1
Agy = —% = By ——z; (22)
Wh 2gha T
— + T o9
e J l +—mg———
Vi ngJ
from wvhich
— o |
bsgHie, 1 ‘..1-m= + 1____ 53 (22)
B°+B= l+‘ 1+E 1+E_%E°
8o [ TJ V.basaTJ

Evtl-m_l_h \ (25)

w=.‘:r [ ‘)l ]
Zgrl+.['o rV;,,l 2gh s ..L_o-)

Iy taa J

The weight of Jet fuel for varlous reductions in the total
take~off distance Lo clear a 50-foot obstacle is shown in flg-
ure 4(a) in percentages of the groes weight of the airplane and
in powmds for an alrplenc weighlng 42,000 pounds. The take-off
volocity is GO mlles per houxr, Tne ratlo 50/53 = 2.6 corve~
sponda clogely to tke maximum performance of one prosent~day
airplane. In figure 4(b), the weight of fuel is shown for a
tako-off velocity of 8C milos per hour and with s./83 = 2.0,
Figure 4(c) shows the welght of fuel for a take-off velocity
of 70 miles per hour and with s5/s, = 2.0.

In the calculations, it was aseumed that the take-off veloclty,
V't s, was equal to the mean fllght velocity, Vj;.

Increase in take-off load by means of auxillary Jjet propulsiomn. -
Equations will now be derivod for determining the increase in take-
off ioad for a given total talre-off distance obtainable by means of
auxiliary Jet propulasion. It will be assumed that tie take-off
occurs at thoe same 1ift coefflcient as in the case of the normally
loaded alrplane.
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Since the take-off velocity varles wilth the gross weight, the
mean propeller thrust and the resistance must be determined under
the new condltlons, For the und run, 1t is assumed that the
mean values are those at 0.5V, as was assumed by Hartman
(reference 12). The minimm resistance, R,, at this veloclty

with normal loading 1s given by (reference 12)
= 1o = M 23 2
R, = bW + 3 Ty (-%f-—éeu be> (24)
N
vhere u 18 the coefficlent of rolling friction.
p mess deneity of the alr.
f parasite area, square feet,

b, effective span, feet.

If 8 = (W + AW)/W then, for the seme 11t coefficlent at
the take-off, the effective reaissance with increased load during
the ground run, R, 18 glven by

r

l._ a2 L9
Rog = W8 + 5 V¢® 8 (%f-—eep.a 'b63>
= 8R,
The increased reslstance, AR, 1s glven by
AR, = Ry(8 = 1) (25)
The mean registance in flight, R, 1s given by

a .
V. 3

R, =2 £+ B __ (26)
2 ﬂpVaabea

and, with added weight at the same 1ift coefflclent, tho resistance,
Rys, 1s glvon by )
2 3,2
oVa 2W°6
£6 +

R =
28 HOVg Bbg

= 633




and the increase in resistance, AR, by

ARa = Ra (8 - 1) - (27)

In order to determine the change in effectlve propeller
thrust for the new take-off velooclty, a lmowledge of the propeller
charvacteristios 1s neceesary. As the increase Iin take-off distance
with increased lcad is dus primarily to the increese 1in waight and
in the take-off veloclty, it 1s unnecessary to determine the change
In propeller thrust wlth muck acouracy. The error Introduced by
campletely disrega—ding the ckange in propeller thrust in the ex-
ample to be Zlven is only about 3 percent of the take-off distance
with a 20-percent overloed.

From equations (1) and (25), the increased ground run Bog
1s glven by

V,26Ws ]
Bog = ; '
2g [T, + a7, - B (8 - 1)] ;
T (28)
[} =8 58 TO
o8 bo] -
To + AT, - R ,(8 - 1)

vhere AT, 1s the change 1in propeller thrust at ,/0.5 Vt as the
welzght 1s increased.

The 1ncreased flight distence, 8,3 to ckear an obstacle 1is,
from equations (1C) and (27),
\

i} V8
%8 ST, - R’ (5= 1)
or g (29)
T
B& = 88 2
° ® T +AT; - Ry (8 -1)

/
whers AT, 1s the change 1n propeller thrust at Vj.

With a corstant added Jet tnrus'b J., applied vhken the air-
plane reaches a velocity of mvts /3 'b;.e reduced ground rvm 8,g'

1s, from the oquations (10) and (28),
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-]
Bog'=88" Zo I—l (1-a')Tg = (30)

T°+.‘.\T°-Ro(6-l) L T + ATO-R°(8-1)+ I

From equations (16), (18), and (29), the reduced flight dis-
tance, 828", to clear an obsvacle of ieight h wlth constant
added Jjet thrust 1ls given by

Ta

(31)

638" = 858

The values of m and T; are then found from equations (30) and
(31) so that

Bog' + 858" = By + 8

From equation (12), the weight of fuel, w,, used during the
ground run is given by

RVeY (1 - m) T78378

- (32)
2gr [To + &Tg = Ry (8- 1) + Ts)

Vo

end, from equations (15), (18), and (20), the weight of fuel, w,,
uged durling the flight to clear an obstacle 1s given by

mrgt/2 T

rV, Ty+ A0, - Ry (8-1)+T;
As an exsaple, the celculations were carried out for the same

airplene that was ueed for the constructlion of figurc 4; the addl-

tlonal assumptions were made that

W3 = (35)

H = 0.05

be” = 10,350 square feet.

e
f = 42 squire feet (for take-off).

Meximum veloclty at the teke-off power rating =
2h8 miles pex rour,

Maximum propeller erficfenc = 64 percent.

Take-off power rating = 4,400 brake horsepower.



o = 1,040 Toot,
B; = 400 feet,

The changes in propeller thrust, A‘.T.' and AT,;, were calculated
from the data of figure 7 of referenoe 12 which gives the thrust
horsepower in terms of weloclty anmd 'bhmt horsepower at maximum
velocity. .

Figure 5 shows the Increase in complete teke-off dlstance when
additional gross weight is added, The values of m and Ty neces-
saxy to reduce this distance to the original take-off distance at
normal load are given in figure 6; flgure 7 shows the welight of gaso-
line and oxygen that must be used in a Jet to provide the required
thrust, In figure 8, the ratio w/AW 1is plotted against m. The
curve shown is an avorage for four values of 8.

Comperison of auxiliary jet propulsion with an internal-
cambustion engine and a propeller as a take-off ald. - In order

to decldo whether any advantage 1s to be galmned by the use of
auxiliary Jot propulslion, It is necesssry to determline the welght
of an Intermal-ocmbustion englne and a propeller that will produce
the same result.

For the simplification of the calculatlions, it will be assumed
that tho propeller diemeter 1s proportional to tho take-off power
and that the propeller 1s oporated at the original V/mD where V
is the forward veloclty; n, the propoller revolution speed; and
D, +the propoller diamcter. Theso conditlons makoe the not thrust
proportional to the power, It wlll also be assumed that the dry-
engine woight 1s 1.25 pounds per take-off horsepower and that the
wolght of the propeller and accosasorles ls 0.35 pound per teke-off
horsepovwer,

Tho additionel weight of the intemal-oombustion englne that
will provide a givon increase in thrust, T .J/To is then

AV, =we__.sL_ W, 1
To + R '1' l+R/T

where W, 1s tho weight of the engino and propeller, Substltuting
from equation (1) for To
AW, Tg 1
28R
V' W

V. T.
e °1 4
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and, substituting 1.6P for W,

Awe 1.6
T /7 ZSBOR) (54 )

‘f’k

where P is the engine brake horsepower, The resistance, R 1is
the minimm resistance determined at +/ 0.5 V For approximate
computations, it is convenient to assume tha%

R = |.I.W
wvhich glves
ﬂg TJ- 1.6 (35)
w1, w(l 2asoi
+
P 2
Vg

The reduction in ground run for an Increase in thrust of T; 1s
the same as that obtained with a Jet for m = 0 (equation (10))f

The ratilo
AW /p
W, /

1s plotted in flgure 9 for take-off velocltles of 70 and 80 miles
per hour end for ground runs of 500, 1,00C, 2,000, and 3,000 feet
for u = 0.05. In the event that R 18 greatly different from
AW
J

pW the value of _ﬁe; T may be found from equation (34).
o

In the case for which the Jet was used, the reduction of the
take-off distance was caloculated on the assumption that the Jet
thrust, T;, was constent throughout both the ground run and the
alr-borme poriion of the take-off. When an englne and a propeller
are used, however, the mean additional thrust 1s lower during the
air-porne portion of the take-off than during the grownd run. It
1s therefore necessary, in order ‘vo ooiain tke same reduction in
the ocamplete take-off dlstance, to provide an engine that will glve
a thrust, T, at a velocity ,/0.5 Vi, which is samowhat greater
than tho Jet thrust, T I
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T Ty
Let A= -
o TO

If the ratio of the propeller thrust at the velocity V, to the
propelier thrust at the velocity ./0.5 Vi 1s K, the same re-
ductlon in complete take-off distance 1s achleved when, from
equation (22),

T3/To N TgTo 85 _ 8 +TgT, L A+ T/, 83 (36)
T T 2gha, B T T 2ghs, 8

144-17'3- 'T—J"'_TE ° A+—'I-r-1 A'+—J+———a-9— °
) o ViU, To To EVis,

Expanding the right-hand side in a power series, neglecting all
terms above the first order in A and solving for A glves
TJ; To

EJ_- . 2ghs,,
A 2h 1K T, E,V.P85 (Ts/To + 1)2
= 3 i
e wE g, B | (I, B% N, A0
To . ViBsy {\To KVi°s;/ K Vg3\ T,

(37)
A
The value of -'l-‘ﬁ; 1s plotted in figure 10 for several take-off

conditions. Since propeller thrust was assuged to be proportional
to pever and power to welght, the factor WT—O represents the

fraciional increase in engine and propeller weight that 1s due to
the ireduction of thrust with increasing air speed.

The addlitional weight of englne and propsller required for a
&lven reduction of the teke-off run is shown in figure 11, for the
airplane of figure S, together with the welght of Jet fuel required
for the mame conditions for m = 0 and 0.5.

For the condition In which the gross welght of the airplane
was increased, the Increased welght of engine and propeller re-
quired to maintain the same total take-off dlstance wes calculated
directly for the speclal case of figure 7. The welght of engine
and propeller requlred 1s shown In flgure 12 together with the
weight of Jet fuel required for m = 0 and 0,5.
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The weight of the complete Jeot motor and fuel tanks is Aiffi-
cult to predict. The weight of the fuel tanks willl depend upon
the weight of fuel to be burned and the operating pressure of the
tanks., The welght of combustion chamber, nozzle, and neceesary
fuel pumps will depend upon the rate of fuel consumption and can-
not be estimated. Goddard (reference 14), however, bullt a Jet
motor, using no fuel pump, which welghed 5 pounds and produced a
tlurust of 289 pounds.

Inasmuch as the exact weight of equipment required for the
use of auxillary Jet propulsion cennot be fixed, it is possible
to determine only the limiting values for this weight above which
auxiliary Jet propulslon would be definitely impracticable. Ap-
proximate values of the maximm permissible eguipment weight may
be detarmined from figures 11 and 12.

DISCUSSION COF RESULTS

Table I shows the results of a few experiments with Jet
motors reported in referenses 14 to 17 together with the specifilc
fuel and oxldant consunption and the relative fuel consumption as
coampared with an internal-combustion englne and propeller. The
limiting or ideal reactlons have been czlculated from tables in
reoference 17.

In the exemples given in the present report, the experimental
reactions of fuels 1 to 4 Iin tabls I have becn used. The reactlions
reported for gunpowder were for silngle explosions of small masses
of powder; the reactions for llquid fuels were for continuouvs Jet-
motor operation. The avallable energy of gunpowdor is lower than
that of 1liquild fuels. As the powder-using motors operated at much
higher pressuros tkan the liquid-using motors, the highor offi-
cloncy of the thermodynamic cycle more than offset the lowor heat
contont. Goddard, who conducted the experiments with gunpowdor,
found 1t expedlent to use liquid fuels in his experiments wilth
rockot flight bocause of tho convonlonce ln operation and the
lightor welght of auxiliary equipment. For this same reason,
tho reactlons of liguid fusls were used In most of the charts
presentod horein. Tie lower valuos for gasoline-oxygen and
alcohol-oxygon wero used because no data concorning test proce-
dure woroe given in roforenco 15, from which the higher values
wore takon, It is probable that the efflciency of liquid-fuel
Jot motors could be lmprovod by operating at hlghor pressiuros
and 1.y lmproving nozzle dosign.
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The welght of Jet fuel required to reduce the growmd run of an
airplane by the amount 4s,/s, 1s shown in figure 1. The weight of
fuel required for a given fractlonal reduction of ground run is pro-
portional to the take~off veloclty and i1s independent of the length
of the ground run.

Figure 2(a) shows the comparative effectiveness of starting
the Jet at various alrplane velocitles, m‘Vt s, A4Quring the ground
rum for a take-off veloclity of 70 mlles per hour., The weights
of gascline and oxygen required for various values of m and the
contours of conetant Jet thrust are plotted against the reduction
of the ground run, ZFollowlng these contours shows that a consider~
able saving in the welght of fuel required could be realized by
delaying the operation of the Jet. For example, for the 4,200~ -
pound airplane vhen m = 0 and T,/T, = 0.4, the welght of fuel
required 1s 23.2 pounds for a reduction in the oumd rmm of
28.5 percent., If the jet thrust is doubled (T /T, = 0.8), m
18 about 0.6 and the welght of fuel required for 8he game reduc-
tion of the ground run 1s reduced to 15.1 pounds, a seving of
ebout 35 percent, The sams quantiities are plottod in figure 2(b)
as In figure 2(a) for a takc-off velociiy of 50 niles per hour,
The welght required for a given frectionel redvetion of the
ground run is proporticnal to the take-off veloclty.

The weights of four fuols (fuels 1 to 4, teble I) required
to reduce the dimtance flowa during the initial climbd to an
eltitude of 50 feet are given in figure Z(a) in porcentages of
tho gross weight of thc airplane and Tor two airplanes whose
gross welghte are 4,200 end 42,000 pounis for a taki-off velocity
of 70 miles per hour, A couwnparilescn of figuro 3 wlth flgure 2 shows
that auxlliary Jet propulsion 1s more eitectlive In flight than on
tho ground. For example, for the 4,200-pound alrplane, a roduc-
tion of 10 percent of the ground rum requirese 8.4 pouds of gaso-
lino and oxygen when m = 0 and requires 5.6 pounds when nm = 0.5
but, for a 10-percent reductlon in the flight distance, tho welght
requirod is only 1.3 pounds, Thkoe roason for this roductlon is
that the energy required for the acceloration to take-off voloclty
is much greater than the energy required for the climb to a 50-foot
altitude. Figure 3(b) 1s similar to fizure 3(a) excopt that the
tako-off voloclity is 80 miles per hour. The weight of fuel re-
quirod for a gilven fractliorel reduction of tho air-borne distance
la inversely proportional to the tako-off velocity,
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The weight of gasollne and oxygen required to reduce the total
take-off distance to clear a S0-foot obstacle 1s gliven in figure
4(a) in percentages of the airplane gross welght and in pounds for
an airplane gross weight of 42,000 pounds., The assumed value of
8o/8, was 2.6 and, of the take-off velocity, was 80 miles per hour,
In order to demonstrate the effect of changes in these limportant
parameters, figures 4(b) and 4(c) were plotted, for which the value
of so/s 5 was assumed to be 2.0 and, of the take-off velocitles,

to be 80 and 70 miles per hour, respectively.

It may be seen from figure 4(a) that, even when B, = 2.68,,
auxlliary Jet propulsion is more effective in flight than on the
ground. The normal excess thrust helng greater on the ground than
in the initial climb, the Jet will always be more effective in the
initial climb than on the ground.

The additional reductlon in take-off dlstance to be gained by
operating the Jet at low values of m 1s negligible, as 1s appar-
ent from the lines of comstant T /T . For example, for Ty /T = 0.3,

the meximm reduction 1n the tak:e-of? distance 1s 25.8 percent for
m = 0, which requires 260 pounds of fuel. If m 1s Iincreased to
0.2, the reduction in the take-off dlstance 1s 25,1 percent, a
slight sacrifice in take-off performence, but the fuel consumption
is reduced to 215 pounds, a saving of 17.3 percent.

A comparison of figures 4(a) and 4(b) shows the effect of
variation of the dlvision of the take-off distance between the
ground run and the flighkt peth, As 1s to be oxpected, auwxilliary
Jet prcpulsion is more effective in producing a glvon fractional
reduction of the take-off distanco when a greater part of that
distance is air-borne (fig. 4(b)).

A comperison of figuros 4(b) and 4(c) shows the effect of
variation of the teke~off velocity on the effectiveness of auxll-
lary Jet propulsion. In the dlscusslon of figuro 2, it was
pointed out that the weight of fuol required for a glven reduction
of tho ground run 1s praportiomal to tho take-off veloclty and, in
tho discussion of figure 3, that tho weight of fucl requirod for a
glven reduction of the fllgnt dlstance is inversely proportional
to the take-off welocity, Similarly, in tho present case, the
woight of fuel required for a given fractional roduction of tho
take-off dlstance is groater for large values of m and amallor
for amall values of m vwhon the tako-off wveloclty is 70 milos
por hour than it ls whon the take-off velocity i1s 80 miles por
hour.
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Flgure 5 shows the Increase in the total take-off distance to
clear a 50-foot obstacle with an increase in gross weight for the
seme.alrplane that was used. for figure 4 with the additional char-
acteristics desoribed in-the analysis,

The additional thrust required to reduee this inocreased taks-
off distance to that of the normally loeded airplane is given in
figure 6 as & function of the parameters m and §. Figure 7
shows the welght of gasoline and oxygen required for this reduction
for various values of 8, m, anmd T,

The welght of fuel required In percentage of the increase in
gross welght ls shown In figure 8 as a function of m. The single
curve is a mean for four values of &, the percemtage of weight
required being practically independent of 6. I¢ may be seen that,
for m = 0.5, the additional weight which may be carried for the
same take-off dlstance increases 27 tlmes as fast as the weight of
Jet fuel required. As the value of m 1s Increased, the weight
of Jet fuel requlred decreames but only at the expense of increas-
ing the Jet thrust.

In figures 11 and 12, the welght of Jet fuel is compared with
the welght of an Intornal~combuastion engine and a propeller. The
ratio of the welght of englne and propeller to the weight of Jet
fuel 18 8 for m =0 and 11 for m = 0,5 for the conditions
of figure 11; the ratlios are 5.5 for m =0 and 8 for m = 0,5
for the conditlions of figure 12.

The power loading was consldered to be low In the previous
exemples In which the weight of fuel was compared with the welight
of troe englne and propeller required for the same lmprovement Iin
take-off performance., The ratlio of the weight of engine and
propeller to the woight of Jot fuel may be considerably less for
high power loadings. Let 1t be assumed that an airplane having a
gross welght of 42,000 pounds and a power loading of 24 pounds per
brake horsepower requires 3,000 feet for the ground run to take
off at 70 miles psr hour. In order to refuco this distance to
1,500 feet, en added thrust given by T /T, eoqual to 1 is required.

From equetion (35), the weight of the engine and propeller rogquired
is 1,470 pounds. For the same reductlon of the ground run by means
of auxiliary Jet propulsion, the welght of gasoline and oxygon ro-

quired for m = 0 1s 420 pounds and, for m = 0.5, 1s 280 pounds.
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Because auxliliary Jet propulsion wes found to be more effective
during the alr-borne portion of the take-off than during the ground
run, 1t 1s interesting to see how the engine and propeller compare
with auxiliary Jet propulsion at this power loading when used during
the air-borne portion of the take-off as well as during the ground
rumn, If it is assumed that 50/51 = 2,0, then, from equation (22)

for a value of Ty;/T, of 1, the reduction of the complete take-off
distance 1s 54 percent, From figure 10, the weight of the additional
engine and propeller to eaccamplish this reduction of the take-off
distence must be Increased to 1,520 pounds if K, = 0.9 end to 1,575
pounds if K = 0.8. Equations (22) and (23) give the total weilght
of Jet fuel requlired for the same performance es 460 pounds for
m=0 and as 325 pounds for m = 0.5,

The weight of engine and propeller is seen to be not less than
5.5 times the welght of fuel required by the Jet-propulsion device
even for high power loadings. For low power loedings, the ratio is
higher. In order to complete the comparison, the weight of the
Jot-propulsion device and 1ts fuel tanks 1s required, Africano
in reference 17 estimates, for a rocket carrying 31 pounds of fusel,
that the dead weight of the devlice can safely be limited to 0.64
times the weight of the fuel, Even 1f this ratio for a higher
wolght of fuel should be increased by several hundred percent,
tho advantage, from welght oonsiderations, is still in favor of
axiliary Jet propulelon.

It 1s possible that a Jet motor could be discarded after the
take-off because 1t would have no further functlion; no comparison
with an intoernal~combustion englne 1s then necessary. In any
evont, the weight of fuel will not diminish the pay load bocause
tho fuel will all be consumed by the time the take-off 1s completed.

Experimonts conducted by the several investigators (references
14 to 17) show that the thrust per pound of fluid per second can be
appreciably improved by further dovelopment. The weight of Jot fuel
can thorefore be corrospondingly reduced., The foregoing discussion
indicates that serlous consideration should be given to auxiliary
Jot propulsion as a take~-off ald,
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CONCLUSIONS

The conclusions drawn from the precedlng analysls and from
the experimental work of other investigators are:

1. The welght of Jet fuel required for a glven Improvement
in the take-off 1s sufficlently swnll 2 compared with the addi-
tional wanlght of the larger engline and propeller required foxr the
seme Immiovement to indilcave that auxlliary Jot progelsion ls a
promising means of aiding the take-off., The wslght of necessary
equipment should be small,

2. The weight of Jet fuel required to maintain a given total
take~of dlstarce as the gross welght of the sirplane is increased
1s unnll as compaxed with the Increase in gross weignt.

3., Auxilirry Jeot propulsion would bte most effective as a
take-off eld wiien ueed Jate in the ground run and in the air-
borne portion of the take-olf.

Langley Memorial Aeronzutical Iaboratory,
Retional Advisory Cormlttee for Aeronautilcs,
Langley Field, Va., Septamber 25, 1939,
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TABLE I
RESULTS OF EXPERIMENTS ON JET PROPULSION

Fuel and
Fuel| oxidant

Jet
velocity
(tpm)

Thrust/gas flow
{1b /1b /sec )

Experi-
mental

Ideal

Approximate
thermal

efficiency

(peroent)

8pecific
Jet powver
(hp /1b /sec )

Specific fuel
consumption
{1b /jet hp-hr )

At V=100f D #

At Vw300 mph

Propulgive
efficlency
(percent)

Relative
fuel
songump-
tion

Relative

Propulsive fuel

efficlenc, consump-
(percent tion

Reference

1 Gunpowder
No 1

7,990

248

328

58

1,802

2.0

2.5

72

1 n

|

i

2 Gunpowder
No 2

5,340

165.8

292

33

805

k.5

3.75

108

17 k6

1

3 Gazoline
and
oxygen

5,000

155.3

453

12

706

5.1

111

18 49

15

4 Aloochol
and
oxygen

3,700

115

426

73

387

9.3

5.4

155

2 67

17

5 Gasoline
and
oxygen

6,890

21k

453

22

1,340

2.7

2.9

83

13 36

16

6 Aloohol
and
oxygen

7,220

?2“

LY

28

1,472

2.8

2 3k

16

7 Hydrogen
and

oxygen

13,780

Log

527

66

5,361

1.45

]

6.4 18

16

8 Internal
combug-
tion
engine
and
propeller

a7

a7,200

u5,0

85.0 1

%p bp /1b /sec

‘V°O'V'N

T oTqel
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Figure 11.- Comparison of weight of jet fuel
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